Particle Morphology and Cytopathology of Galinsoga Mosaic Virus
SUMMARY Galinsoga mosaic virus (GMV) has isometric particles about 34 nm in diameter when examined in preparations negatively stained with uranyl acetate. They are similar to the particles of viruses belonging to the tombusvirus and dianthovirus groups but not to those of the sobemovirus group. G MV induced the development of large multivesicular bodies from the mitochondria in infected cells which only superficially resembled those observed in cells infected by tombusviruses. The possible taxonomic and functional significance of the multivesicular bodies is discussed and it is concluded that GMV does not readily fit into any of the established virus taxonomic groups.
Galinsoga mosaic virus (GMV) naturally infects the weed Galinsoga parviflora Cav. in Queensland (Behncken, 1970) and appears to be soil-borne but a vector has not been found (Shukla et al., 1979) . Purified preparations of GMV have been reported to contain small isometric particles about 28 nm in diameter sedimenting as a single component of about 118S (Behncken, 1970; Skotnicki & Gibbs, 1981) . Behncken (1970) drew attention to similarities of GMV particles to those of viruses such as southern bean mosaic virus (SBMV), sowbane mosaic virus (SMV) and tomato bushy stunt virus (TBSV). Skotnicki & Gibbs (1981) studied the protein and RNA of GMV and found some similarities with viruses classified in the tombusvirus group (Matthews, 1982) .
The taxonomy of plant viruses with small polyhedral particles and single-stranded (ss)RNA genomes is at present not very satisfactory (Francki, 1981) and some reasonably wellcharacterized viruses of this type remain unclassified (Harrison & Murant, 1981) . Particle morphology of viruses and their cytopathological effects are often used in virus identification and taxonomy (Hamilton et al., 1981) . In this paper we report studies on these properties of GMV which were aimed at assigning the virus to the appropriate taxonomic group.
All the viruses used were transmitted by mechanical inoculation to host plants kept in the glasshouse. They were maintained and propagated as follows: GMV and SBMV in Phaseolus vulgaris L., TBSV in Datura stramonium L. and red clover necrotic mosaic virus (RCNMV) in Nicotiana clevelandii (A. Gray). All the viruses were purified by a standard method previously used for the purification of RCN MV (Gould et al., 1981) . Comparison of sedimentation coefficients of viruses was done by linear-log sucrose density-gradient centrifugation (Brakke & van Pelt, 1970) .
Purified virus preparations were negatively stained with 3 ~ uranyl acetate (Francki et al., 1979) . Tissue samples were taken from leaves and processed for electron microscopy as detailed by . Some specimens from each sampling were subjected to ribonuclease (RNase) treatment after aldehyde fixation to digest RNA from ribosomes without affecting the encapsidated viral RNA . All specimens were examined in a JEM 100 CX electron microscope operating at 60 kV and equipped with a specimen cooling device.
Purified preparations of GMV contained isometric particles about 34 nm in diameter ( Fig.  1 a) . The particles had rounded outlines with rough surfaces, indicating the presence of morphological subunits. However, details of their substructure could not be resolved. Comparisons of GMV particles with those of a number of other viruses revealed that they are very similar to particles of TBSV and RCNMV but quite different from viruses such as SBMV (Fig. 1 b) . When mixtures of GMV and TBSV or RCNMV were stained in uranyl acetate and examined in the electron microscope, particles of the three viruses could not be distinguished. However, in mixtures of GMV and SBMV, particles of the two viruses were easily 0022-1317/83/0000-5428 $02.0001983 SGM distinguished; those of SBMV were smaller (about 30 nm in diam.) and their outlines were hexagonal with no indication of any surface structure (Fig. 1 b) .
Although the particles of GMV appear very similar to those of TBSV, it has been reported that their sedimentation coefficients are different, that of GMV being about 118S (Skotnicki & Gibbs, 1981) and that of TBSV about 136S (Martelli et al., t971) . This difference was confirmed by sedimenting mixtures of purified GMV and TBSV, GMV and SBMV, and SBMV and TBSV: GMV sedimented slower than TBSV and at about the same rate as SBMV which has a sedimentation coefficient of about 115S (Shepherd, 1971) .
Examination of thin sections of leaf cells from GMV-infected French beans disclosed a number of cytopathological effects. The most striking feature was the presence of numerous large multivesicular bodies which varied in size and detailed structure (Fig. 1 c, d; Fig. 2) . Some of the chloroplasts were also modified in that they had some peripheral vesicles (Fig. 1 e) , reminiscent of those associated with infection by tymoviruses (Matthews, 1977) . GMV particles were scattered throughout the cytoplasm (Fig. 1 c) , some were detected in the vacuoles and some in what appear to be vacuoles of the multivesicular bodies (Fig. 2c) . No virus particles were detected in the nuclei. The diameter of the particles in sections was about 26 nm which is similar to that of TBSV and RCNMV particles but larger than that of the polyhedral particles of many other plant viruses including SBMV .
Multivesicular bodies superficially resembling those observed in GMV-infected cells have been reported in cells ofD. stramonium and Gomphrenaglobosa L. leaves systemically infected with TBSV and cymbidium ringspot virus (CRSV), another tombusvirus (Matthews, 1982) . A number of suggestions were made as to their origin (Russo & Martelli, 1972; Appiano et al., 1978) but it now appears certain that they originate from microbodies ; T. Hatta & R. I. B. Francki, unpublished data). In the case of GMV-infected leaf cells, the multivesicular bodies appear to develop from the mitochondria (Fig. 2) . French bean leaf cells from the edges of lesions in infected plants, which did not appear to have been invaded by virus, had normal mitochondria (Fig. 2a) . However, virus-invaded cells contained swollen abnormal mitochondria (Fig. 2b) some of which had obvious similarities to both mitochondria and multivesicular bodies (Fig. 2c, d) . Furthermore, no normal mitochondria were detected in cells obviously infected by virus such as those shown in Fig. 1 (c) . Some vesicles of the multivesicular bodies were seen to have necks opening into the cytoplasm (arrowhead in Fig. 1 d) whereas many others contained fibrils and strands (arrows in Fig. 1 d) reminiscent of nucleic acid (Hatta & Francki, 1978) .
We considered the possibility that the multivesicular bodies in GMV-infected French bean leaves may have developed as a result of the hypersensitive reaction of the host rather than due to the multiplication of the virus. However, this suggestion does not seem tenable because of the following observations. Firstly, similar multivesicular bodies were observed in leaf cells of GMV-infected G. parviflora which develops mosaic symptoms (Behncken, 1970) ; secondly, in cells of French bean leaves infected with tobacco necrosis virus producing similar local lesions to those induced by GMV, we failed to detect any multivesicular bodies or abnormal mitochondria (T. Hatta et al., unpublished data) .
In order to compare the multivesicular bodies formed in GMV-infected to those in TBSVinfected cells, we examined thin sections of D. stramonium leaves infected by TBSV. Numerous multivesicular bodies similar to those reported by Russo & Martelli (1972) were observed in TBSV-infected cells which, however, appeared to develop from microbodies. In some cells there were numerous inclusions with characteristics of both microbodies and multivesicular bodies. Furthermore, cells infected with TBSV usually contained many normal mitochondria although some were a little distended and contained virus particles as previously reported by . These observations are very similar to those reported in N. clevelandii cells infected with CRSV . Microbodies in GMV-infected cells appeared quite normal.
In addition to the different origins of multives~cular bodies in TBSV and GMV-infected cells, those infected with TBSV had more or less normal chloroplasts with no peripheral vesicles which were often observed in GMV-infected cells (Fig. 1 e; Fig. 2b ). According to the current classification of viruses approved by ICTV, TBSV is the type member of the tombusvirus group, SBMV of the sobemovirus group and RCNMV is a member of the dianthovirus group whose type member is carnation ringspot virus (Matthews, 1982) . In spite of some similarities, however, GMV does not fit into any of these taxonomic groups. GMV has a monoartite genome of ssRNA with Mr about 1.55 x 106 (Skotnicki & Gibbs, 1981) and hence cannot be classified with the dianthoviruses which have bipartite genomes (Dodds et al., 1977; Gould et al., 1981) . Although the sedimentation coefficient of GMV is very similar to that of SBMV and their genomes are about the same size (Skotnicki & Gibbs, 1981 ; Shepherd, 1971) , there are no other properties of G MV which could justify its inclusion in the sobemovirus group. GMV is similar to TBSV in its particle morphology and the two viruses have similar sized genomes and coat protein subunits (Skotnicki & Gibbs, 1981 ; Martelli et al., 1971) but their sedimentation coefficients are distinct. The two viruses also differ in the base ratios of their RNAs and the amino acid compositions of their coat proteins (Skotnicki & Gibbs, 1981; Martelli et al., 1971) . Although both GMV and TBSV induce multivesicular bodies in infected cells, their origins are different.
Recently, observed that turnip crinkle virus (TCV), which has been considered to share many of its properties with TBSV (Butler, 1970) , induces multivesicular bodies which develop from mitochondria. On the basis of this observation, argued for exclusion of TCV from the tombusvirus group to which it has been assigned as a possible member (Matthews, 1982) . It will be interesting to compare TCV with GMV in more detail. In the light of present knowledge it would seem unwise to assign either GMV or TCV to any of the virus taxa approved by ICTV (Matthews, 1982) . The taxonomic significance of multivesicular bodies originating from mitochondria is not clear since similar structures have also been observed in cells infected by tobacco rattle virus (TRV) and cucumber green mottle mosaic virus (CGMMV; Harrison et al., 1970; Hatta & Ushiyama, 1973) which have rod-shaped particles and belong to the tobravirus and tobamovirus groups respectively (Matthews, 1982) .
The function of mitochondria-derived multivesicular bodies is unknown. However, it seems likely that they are the centres of viral RNA synthesis, a suggestion already made with regard to TRV and CGMMV (Harrison et al., 1970; Hatta & Ushiyama, 1973) .
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